Abstract To calculate the correct nitrogen fertilizer rate for crops and the possibility of using municipal solid waste (MSW) compost as an organic amendment, nitrogen mineralization rates were studied by laboratory incubation and field measurements in a soil in central Spain. Nitrogen mineralization rates were studied in a 250-day laboratory soil incubation with two treatments: with and without compost, incubated at 28 8C and a moisture content of 70% of field capacity. Three phases are described: (1) no increase in the mineral nitrogen content, (2) a linear increase in the mineral N fraction and, finally, (3) a linear, parallel increase in both mineral N and easily mineralizable organic N fractions. Incubation data were fitted to three different equations. The exponential model proposed by Stanford and Smith (1972) was selected to predict field N mineralization rates. The field experiment was performed using a crop of maize with three treatments: compost applied in February (before sowing), compost applied during sowing and a control (without compost application): sampling was carried out over 14 months. Soil water content was measured periodically. Soil with compost applied in February showed 1.9 and 1.4 times more available nitrogen than soil without compost and compost at sowing, respectively, for the month of maximum accumulation. These results suggest that compost amendments must be applied before sowing. Compost applications were shown to supply the available nitrogen for spring crops. A simulation model showed satisfactory agreement with field data, after correction for soil temperature and water content.
Introduction
Compost from municipal solid waste (MSW) has been proposed as a source of nitrogen for crops , as a supplement to other sources to improve the physical, chemical and biological conditions of the soil (Nogales et al. 1984; Costa et al. 1991; Díaz-Marcote 1994) . The mineralization rate of organic nitrogen, whether it originates from the soil or is an applied organic amendment, is very important for determining nitrogen availability to crops and, consequently, for determining the dosage of nitrogenous fertilizers. Moreover, it can be used to establish the best application timing for organic amendment.
Laboratory incubation is the most widely applied procedure to determine the rate of liberation of mineral nitrogen and also for its modelling; the conclusions can then be applied to field conditions. The exponential model proposed by Stanford and Smith (1972) is that which is most generally applied (Herlihy 1979; Broadbent 1986; Marion and Black 1987; Hadas et al. 1989; Sierra 1990; Dendhooven et al. 1995) , although other types, e.g. zero-order kinetics (Simard and N'dayegamiye 1993) , the parabolic model (Broadbent 1986; Marion and Black 1987) or the Gompertz equation (Simard and N'dayegamiye 1993) have also been tried.
The aim of this study was to investigate the effect of the application and timing of MSW compost on nitrogen availability for a maize crop. Therefore laboratory and field experiments were carried out and each of the three above-mentioned adjustments was tried to examine the feasibility of estimating N mineralization in the field starting from laboratory data.
Materials and methods

The soil
The experiment was carried out at La Poveda Field Station (30 km SE from Madrid) of the Consejo Superior de Investigaciones Científicas (CSIC). The soil is alluvial in the middle basin of the Jarama river. This area can be considered particularly vulnerable to pollution by nitrates, as the soils are of light texture and are cultivated under irrigation with intensive N fertilizer application (Díez et al. 1994 b) . The experimental field had a sandy-loam texture in the first 50 cm of soil depth, with the sand component increasing with depth (Román et al. 1996) . A dominant gravel layer appeared at a variable soil depth (1.5-2.2 m) and the water table was located 4-4.5 m below the soil surface. The physicochemical properties of the soil (0-30 cm depth) are shown in Table 1 .
Compost
The municipal solid waste (MSW) compost came from the plant for the treatment of municipal solid waste in Valdemingómez (Madrid) and was obtained after a composting process of 120 days, after which it is considered sufficiently mature (low emission of CO 2 and high stability of mineralization; Costa et al. 1991) to be used for agricultural purposes without any risk for the crop. The characteristics of the MSW compost are shown in Table 2 .
Incubation test
Using the laboratory incubation test, the effects of two different treatments, soil and soil+compost, were compared. The experiment was carried out in 100-ml plastic containers, into which 50 g air-dried, 2-mm sieved soil was placed. In the soil+compost treatment, 500 mg compost, equivalent to a dose of 30 000 kg ha -1 , was added, and the two components were thoroughly mixed together and homogenized (Riffaldi et al. 1993) . Water was added to an equivalent of 70% of field capacity. Then the containers were sealed with Parafilm to maintain moisture, which was weight-controlled during the incubation. The plastic containers were opened weekly to add water and to replenish the air content so that decomposition was not inhibited by a lack of O 2 .
The incubation was carried out with a heater at the constant temperature of 28 8C in order to accelerate the biological processes of the soil in the laboratory. This temperature was chosen because mineralization rates increase exponentially at higher temperatures (35 8C); at lower temperatures, however, there is a slower increase in mineralization rates (Marion and Black 1987) . This more closely resembles what happens in the field, where temperatures do not usually reach 30 8C.
For each of the 17 samples (after 0, 5, 10, 14, 18, 25, 32, 39, 46, 53, 60, 74, 82, 96, 117, 147 and 250 days) planned during the experiment, two repetitions were performed for each treatment. At the end of each period, two replicate samples of each treatment were withdrawn for analysis; 5 g dry weight from each of the containers was used for measurements.
Field experiment
This experiment was carried out to estimate the net N mineralization rate in the field by monthly measurements of the NO -3 -N+NH + 4 -N content in the arable layer. This measurement is not accurate for mineralization rates, but is a good index for real crop available nitrogen. Therefore, it is a measure of the components of several other soil processes. On the other hand, we observed a continuous increase in the mineral N in the soil, due to the scarce rainfall in the year of the experiment.
The field experiment was carried out on three 100-m 2 plots of growing maize, situated at La Poveda Field Station, to evaluate the process of nitrogen mineralization according to the application timing of the compost. These three plots were not cultivated and a mobileline overhead splinker irrigation system was used for watering. Irrigation rate was the same as for a maize crop in the area. The three different treatments were: compost applied in February 1995 (3 months before the usual sowing time for maize), compost applied at sowing time (end of April 1995) and a control to which no compost was added. Compost was applied at 30 000 kg ha -1 , the same rate as that applied in the incubation experiment. For the investigation of N mineralization, samples were taken from the arable layer (0-30 cm depth) every month for the 14 months of the field experiment. The first sample was taken before compost application for each treatment, except for the control sample, which was taken at the beginning of the experiment, before applying compost in February. In each sampling three repetitions of the same plot were taken and each corresponded to an average sample. Also, soil water content and air temperature were measured. Soil moisture was periodically measured in the field by a neutron probe at 10, 20 and 30 cm soil depth (Román et al. 1996) . For later calculations an average value was taken. Maximum and minimum air temperatures were measured daily. Average air temperature was used to estimate soil temperature, as explained below.
Measurement
The nutrient dynamics in the soil were determined by means of the electroultrafiltration (EUF) technique (Nemeth 1979 ) with which nitrate, ammonium, and a minor portion of the organic soil nitrogen are extracted from a soil suspension subjected to an electric field. There is experimental evidence that this organic nitrogen (= N org -N) is easily mineralizable. Based on field experiments with cereals and maize, formulae have been established by which the nitrogen fertilizer rate can be calculated (Mengel 1991) . Five grams of sample, air dried and passed through a 1-mm sieve, was used. This sample was subjected to the following scheme of extraction: fraction I 30 min, 200 V, 20 8C, 15 mA; fraction II 5 min, 400 V, 80 8C and 150 mA.
Total N (NO -3 -N+NH + 4 -N+N org ) in EUF extracts (EUF-N) from soil samples was determined by digestion with UV radiation and subsequent oxidation with potassium persulfate in alkaline medium (Díez 1988) . The nitrate determinations of the EUF extracts were performed colorimetrically using a Technicon AAII autoanalyzer with N1 naphthylenediamine. The NH + 4 -N was determined with selective electrodes for gas (Orion model 95-12). P was determined colorimetrically using an ammonium molybdate method. K was measured by flame emission photometry (Table 1) .
The moisture at field capacity of the soil was assumed to be the soil water content at 48 h after watering during the irrigation season. This value was measured as explained above at 10, 20 and 30 cm depth. Average field capacity was thus calculated as 0.21±0.02 m 3 m -3 , as shown in Table 1 . The pH in the saturated paste was evaluated with mercury chloride glass electrodes and the total N with the Kjeldahl method. The carbonate was determined by Bernard calcimeter. Organic matter content was measured by the Walkley and Black (1934) method. Electrical conductivity was evaluated with the Crison model 525 conductimeter.
Results and discussion
Incubation test Figure 1 shows the nitrogen mineralization rate of the soil with compost, which is very similar to that of the soil without additions, as there were no significant differences between the treatments, which is made clear by the variance analysis (Table 3) . Therefore the incubation experiment did not allow the observation of the effect of the compost. If we look at the exact results which were obtained, we have to draw the conclusion that the compost at the doses applied is not capable of causing an increase in the mineralized N. On the other hand, the curves for EUF-N (EUF-NO On the first days of incubation the mineralization rate stayed low, due to the incubation temperature (28 8C), since at higher temperatures (35 8C) a higher increase can be expected (Marion and Black 1987) . Thus the linear increase in the mineralization rate does not take place until the 39th and 46th day for the treatments of soil and soil with compost, respectively. During the first period, the levels of mineral nitrogen (EUF-NO -3 -N+EUF-NH + 4 -N) remain constant, and a slight increase in the easily mineralizable fraction, proceeding from soil organic matter, can be observed (EUF-N org -N). From this moment on a linear increase in all the fractions takes place, and starting from the 117th day a parallel line can be observed in the organic and mineral fractions.
On the other hand, the quantities of NH + 4 -N which were analyzed were very small and in many of the samples only traces were detected, which is in line with the results of Simard and N'dayegamiye (1993) .
During the incubation we can distinguish three phases: a first one up to 45 days which we can call the adaptation phase of the microbial flora, in which the N mineralization is very moderate and affects mainly the N org -N fraction, the only one which shows any increase. A second phase takes place from 45 to 120 days, in which the nitrification predominates and significantly increases the nitrates and N org -N. Finally there is a third phase, in which the mineralization is more intense, an indicator that the microbial flora has adapted itself completely to the environment, and in which nitrate growth is more evident and, at a lower level, the N org -N growth.
Simulation models
In order to provide a mathematical description of the data obtained, they were fitted to three different equations: zero-order kinetics (1) (France and Thornley 1984) , the exponential function as proposed by Stanford and Smith (1972) (2) and a parabolic equation (3) (Broadbent 1986; Marion and Black 1987) . These equations are as follows: The calculation of the N mineralization coefficients for Eqs. (2) and (3) was carried out using a nonlinear least square curve-fitting technique (Marquardt method; Marquardt 1963) . The values of N 0 and k exp that gave the smallest residual sum of squares were retained, with the only restriction that N 0 had to be larger than the total cumulative mineralized nitrogen.
The results were as follows: We can say that any one of the three proposed models adjusts itselfs to the experimental data obtained in the incubation. All of them produced correlation coefficients significant at 0.1% when the experimental data were compared to the theoretical data obtained from the curve of the model. The equation which best adapts itself to the obtained results is the parabolic one (3), the determination coefficient R 2 = 0.98 of which is higher than that obtained for the model proposed by Stanford and Smith (1972) , which was R 2 = 0.93. This difference is probably due to the fact that the incubation proposed by these authors was carried out at 35 8C, which causes a concave curve different to that obtained with the results of this experiment. This difference between the behavior of the experimental data and the exponential model can be explained with regard to the results obtained by Marion and Black (1987) , where we can see the strong effect which the temperature has on the N mineralization in the range between 25 8C and 35 8C. The linear adjustment (1), however, shows a high quality (R 2 = 0.96) and, for practical purposes, it could turn out to be the easiest for the modeling of nitrogen mineralization.
Field experiment
In the three treatments, which were tested in the field experiment, a constant increase in the EUF-NO -3 -N fraction could be observed from the moment the compost was applied. Significant differences were maintained between the treatments, from a higher to a lower content, depending on whether they were applied in February, at sowing time or as control. The sharp decrease in the available nitrogen content which was observed during December and January must be emphasized for all cases. This is probably due to leaching or even denitrification (Jellum et al. 1995) , undoubtedly because of the heavy rain in these months, as this was the wettest winter for years (163 l m -2 ). During the experimental period (February 1995 to February 1996 , an accumulated increase was observed in N mineral content (EUF-NO -3 -N+EUF-NH + 4 ), equivalent to 285 kg N ha -1 . The N uptake for a maize crop in this area could be 240 kg N ha -1 ; therefore, the compost could satisfy this amount completely.
The results of the field experiment showed significant differences between the treatments: between with and without compost application and even between application timing.
In Fig. 2 the mineral N evolution curves are shown for each of the three situations which were studied. In this case, similar to during incubation, we can also observe that in the first phase of the application of compost the N mineralization is very slow, and starting from June the observed values begin to differentiate themselves between both times of application. Thus in the compost treatment applied in February the levels of EUF-NO -3 -N+NH + 4 -N maintained slightly higher or similar values to those obtained when applied at sowing time, until July. From this time, a higher mineral N content is detected in the compost treatment applied in February. With regard to the control, the levels which were observed were always lower than those of the compost treatments.
Relationship between values simulated by model and experimental ones
In order to verify the models which are based on the data obtained with the incubation in relation to the experimental data obtained in the field, we selected the model proposed by Stanford and Smith in order to correct the coefficient K according to soil temperature at intervals of 10 8C (Stanford and Smith 1972) , even if, satistically speaking, it does not give the best adjustment (4):
Soil temperature at 20 cm depth was estimated using the expression given by Jury et al. (1991) (5): zY t e ee zad sinxt zad S where T (z, t) is the soil temperature at a depth of z and a time of t, T A is the annual average temperature, A is the amplitude of the surface temperature fluctuations, x is the angular frequency and d is the damping depth. This equation is a sine wave the amplitude of which decreases with depth and which is phase shifted by an amount that increases with depth. Damping depth depends on the physical properties of the soil as well as the angular frequency x of the surface change. N m is predicted based on laboratory incubation for an optimal moisture content of 70% of field capacity. Therefore, for suboptimal soil water content in the field, N m was corrected according to Stanford and Epstein (1974) (6):
where N WC is the amount of N mineralized under the soil water content in the field (WC), being WC opt the soil water content during the laboratory incubation (Hadas et . 1989) . Figure 3 shows soil temperature and water content for the field experiment period. The curves in Fig. 4 show the degree of concordance between the results obtained with the model and those observed in the field when the compost was applied in February; as discussed above, it is the treatment with the best availability of mineral nitrogen for crops. The degree of concordance is acceptable for the whole period and even for the total mineralized nitrogen. However, we can observe two subperiods in which field measurements show an increased mineralization rate. The first occurs during the months of June and July, this can be explained by the fact that high temperatures occurred at the same time as the irrigation period. Simulation also shows a greater mineralization rate than expected. The second subperiod of increasing mineralization in the field occurred from the middle of October to 1st December, showing a high peak during this time. This can be explained by the increasing soil moisture due to the onset of rain, which was for this particular year, as mentioned above, greater than usual. On the other hand, soil temperature in this period decreased slowly. The prediction showed a very slowly increasing mineralization rate, not as marked as in the field. This suggests that a rapidly increasing soil water content in a dry soil could produce a greater increase in its mineralization rate; indeed, Herlihy (1979) found that there was a good agreement between field and predicted values only when moisture was held relatively constant.
Finally, the sharp decrease in the levels of mineral nitrogen observed in the period December to January in the field experiment is due to the intense rainfall (163 l m -2 ), which obviously caused an intense leaching of nitrates. Evidently, this decrease cannot be predicted by the model.
Conclusions
From the results obtained it can be deduced that the timing of application of the compost clearly affects the N availability for the crop. In the light of these results we can say that for spring crops (maize) it is advisable to apply the compost 3 months before sowing time. This conclusion is supported both by the incubation results and by the results in the field, which demonstrate an initial period in which the mineralization is very slow, which is why delaying the start of application can cause at the moment of highest N demand a deficiency of N available to the crop.
In the field experiment it can be seen that, in comparison with the control, the treatments with compost clearly had a positive effect on the content of N available to the plant, in spite of the fact that the results obtained during incubation showed no significant difference between the treatment with compost and that with untreated soil in regard to mineralized N.
The doses of compost applied to the soil in February lead to a greater N content being available at the moment of highest demand of N by crops, making further applications unnecessary.
Any of the three proposed models adjust themselves to the experimental data obtained with the incubation, since all models produced correlation coefficients which were significant at 0.1%. Nevertheless, the model which best adapts itself to the results obtained is the parabolic one. The exponential model proposed by Stanford and Smith could allow a sufficiently reliable estimation of the N mineralization in the field on the basis of the information obtained by means of incubation and corrected according to soil temperature and water content. Stanford and Smith (1972) 
